Introduction
Additive Technologies extend its scope, so far been used primarily for the presentation of the newly developed elements and geometric verification increasing use of elements produced in these technologies as a target produced small series structure poses new challenges as to their form and internal design features [1, 2] . Significant become their strength characteristics and durability. At the same time it should be noted that the current production technologies is not until such great opportunities for development of component form as commonly used and developed technologies additive. Existing systems for shaping the internal structure based primarily on land use geometric shape of the internal space realizing only a supportive function for external shapes based on the criterion of fill material, allowing you to reduce the amount of material used. For structural applications, it is necessary to adopt other criteria shaping the structure eg. the criterion of strength. This places entirely new demands on the approach to the development of the internal form of the element made in additive technology.
Homogenic structure based on honeycomb pattern which is used while shaping the inside of the elements made in additive technologies, can be replaced by heterogenic structure which ultimately will assure optimal strength and mass properties. The research has been carried in a few stages.
At the first stage it has been decided to test the structures which are similar to those which we can see in bones as a pattern of final structure. These types of structures have been tested in this stage as well as the choice of optimal calculation parameters which are used in these cases has been made.
Comparative studies of analytical and experimental research results have been carried at the next stage. The subject of the research was a typical orthogonal sample used in bending tests. Comparative studies covered samples prepared from cortical bone tissue.
The third stage covered elaboration and testing of numerical samples of the same shape but with the use of filling in a form of a honeycomb of different sizes allowing to create heterogeneous structures similar to the bones structure.
At the next stage the structure of samples has been elaborated which was of completely new inner form shaped as superposition of previously developed structures together with newly elaborated heterogeneous structure of changeable size of honeycomb cells. The orthogonal sample created in this way for bending tests has been subjected to numerical tests. The test results have been compared with initial structures of orthogonal samples based on the filling of typical, non-modified honeycomb.
The work focused mainly on the presentation of tasks and results from the third and fourth steps.
Experimental and numerical research of bone
Femur in its central part has a cross tube, which gives it, with such a small cross section, high strength properties. It is built from cortical bone. The upper part is the femoral head, which is composed of trabecular bone, like the neck [3] . Bones tissue, as composite materials, including various types of inclusions, which, from a technical point of view, can be classified as dispersed inclusions, fibers, layers or even three-dimensional trusses. They provide resistance to shear stress and normal, and particularly to prevent the propagation of cracks.
Mostly study the properties of these structures is carried out on small samples prepared from whole bones or ligaments, tendons, etc. Tests on samples held in the specific load conditions, when they are known directions of the stresses and strains. In general, the studies of tissue material properties are referred to during the stretching, bending and twisting [4] . It should be noted the place of download, whether it was a fresh tissue, lotions or dried, the description of the donor (age, weight, sex, etc.) as well as the conditions for implementation of measurement [3, 5, 6] .
The studies focused particularly on the cortical and trabecular bone. It was well known that cortical bone carries most of the load. It can be particularly observe in pelvic bone where the outer layer is composed of cortical bone and inner layer of trabecular bone, respectively [3] . Exceptions are the epiphysis of long bones which are built of trabecular bone and carry loads in joints. This structure seemed to us to be very interesting as the support structure. Therefore, the experimental studies carried out on samples prepared from human femur. The aim of this study was to determine the mechanical properties of prepared samples. On the basis of attempts to three-point bending test assumed Young modulus value to 15 GPa. The influence of tetrahedral elements ( Fig. 1 ) with square or linear shape function and the solid 8-node elements with a square or a linear shape function on the accuracy of stress and displacement values was tested.
The size of the elements (mesh density) was also changed.
Based on the analysis of the results of numerical simulation it was selected as the optimal model comprising the 8-node solid elements with a linear shape function and dimension of 0.4 mm [7, 8, 9, 10] . In the process of developing the model it is noted that the density and distribution of the type of used components influence on received distributions of stresses and displacements.
Fig. 1 Finite element grid model of the sample
However, increasing the degrees of freedom of the elements through the use of square shape function (elements Tet10 and Hex20 type) did not significantly affect the improvement of the obtained results and at the same time significantly increased computation time. In the next step we also tested the effect of change in the size of the elements (mesh density) on obtained results.
Bone, in its internal structure, is heterogeneous with respect to placement of the cells and their type. In the case of the numerical model it focuses on the trabecular (in a lesser sense cortical) part of the human femur. Therefore, proposing a bone tissue structure (Fig. 2, [11] ) as the internal structure of the exoskeleton support elements omitted in the construction of the numerical model of trabecular structure. The arrangement of bone cells within the structure depends on the loads that are transferred in a given place of bone. In this approach we adopted homogenous isotropic model of bone material. During the simulations, advanced in the process of building a numerical model, one can use the data obtained from CT studies and MIMIC system to take into account heterogeneity of bone tissue. Led by us study do not need to have as accurate results in this regard [10] . 
Honeycomb structure
Following the example of biological analogies we also proposes a structure based on the structure of the honeycomb. Industry is constantly looking for new materials and new structures in order to reduce weight, increase strength and get better value of other mechanical parameters. Sandwich structure consisting of a core and cladding has been used in various industries such as aerospace, shipbuilding, automotive industry. The core layer in most cases is thicker than the outer layer [12] [13] [14] [15] . Such a structure greatly vary its properties of conventional construction, inter alia, due to the anisotropy of stiffness. Both materials are in themselves strong and rigid, but the composite formed from them has much rigidity and strength. It has several important features that are important in designing and developing in these industries. This structure is characterized by a relatively low weight in relation to mechanical properties [16] . Modifying the core and cladding can affect these properties. An interesting feature is the ability to absorb and absorption characteristics in a wide range of frequencies from infrasound, vibration or mechanical, to the acoustic vibration frequencies or tones [17] . The structure also showed resistance to corrosion in the marine environment and heat resistance. In the aerospace industry and shipbuilding proved significant weight construction. The automotive industry has focused mainly on the properties described absorbent structure. It turns out to be useful for building security systems. It has been proposed to examine, whether that structure is suitable for the support elements. There were prepared several numerical models of homogeneous structure (Fig. 3) . Edited parameters based on hexagonal cells having a wall thickness of, inter alia, the dimensions of the cells.
In the next stage, it was decided to make a change and go to the heterogeneous structure. Inspired by the existing solutions we adapted them to the relevant issues. In the literature we can find many papers concern topology optimization problem for 2D and 3D structures like beam, girder, cantilever or other massive support structures [18] [19] [20] [21] [22] [23] [24] . Some of them also based on the similarity of biomechanical structures [25, 26, 27] . Although the initial shape (volume) is full and continuous, however, final design is very similar to the truss, according to the considered issues of flat or spatial. The results obtained in the topology optimization allow us to propose a structure which is a spatial truss in which the elements have different cross sections, different lengths and different arrangement.
Based on the literature review the changes to the cells overlap with the contour of the truss were proposed. In the place where the space should be filled with cells, it has a thicker wall. Due to the limitations imposed by the technology additive model can consist of a relatively large empty space. It is therefore proposed to fill in these cells hexagonal. They have for eg. thinner wall.
Here proposed that the parameters which are prone to change they are wall thickness and cell size. In the case of wall thickness variations in the contour of the grid cell will have a thicker wall than the other. When the cell size will be changed in place of stroke it occurs density smaller cells. In the areas of "empty" cells it will be less, as will be higher. In the first stage it was decided to examine the effect of wall thickness on the obtained results. The dimensions of the model, the approximate dimensions of the tested bone samples were 4x4x40mm. We adopted this assumption in order to facilitate comparison of the obtained results. Away from the base to the opposite side of the cube was 1 mm. This is an external dimension of a cell. At this stage, we adapted it to the outer dimensions of the model. Changes in internal dimensions -wall thickness -result in a decrease or increase the free space inside the cell. All it correlated to the value of 1mm.
The wall thickness was 0.4 mm maximum and a minimum of 0.05 mm. It decided to make changes in different ways. The basic wall thickness is assumed to be 0.25. The initial model was uniform and the wall thickness of each cell is the same. Initially, the increased wall thickness situated on the outline of the grid and at the same time reduces the thickness of the cell walls outside contour. In a next step it was decided that the difference between the thickness and a second cell is not too high. For example, when the contour of the cell wall in the grid has a wall thickness of 0.25 mm, a cell wall beyond the periphery is 0.2 mm (Figs. 4-7) .
In a further step it is proposed that underwent a change in cell dimensions and the wall thickness in each case was similar. The maximum distance between opposite walls was 2 mm, and 0.5 mm minimum. The wall thickness has been changing, but always all cells have the same. 
Numerical results
When we talk about the "obtained results" we have in our mind the value of stresses and displacements in the model obtained during the simulation a three-point bending test. All numerically tested samples have the same dimensions as a previous tested samples prepared from cortical bone tissue. The sample with a length of 40 mm, a height of 4 mm and 4 mm wide was modelled for two layers structure and sample with a height of 2 mm for one layer structure. Boundary condition (support and load) assumed as typical during tree-point bending test (Fig. 8) . Acting force equals 5 N.
Selectet examples of one layer and two layers FEM models show Figs. 8 and 9. In two layers models different pattern was used in construction of bottom and upper layer of structure. Fig. 10 shows bottom and upper view of structure in the same place, respectively.
Fig. 8 One layer model with boundary conditions
Another exemplary of two layers model shows Fig. 11 . Changes in the structure of the layers resulted in a change of simulation results. Enlarged view of bottom and upper surface of two layers structure presented in Fig. 11 shows Fig. 12 . It is presented in the same place of sample. However, the displacement distribution for both, one layer and two layers model is typical as in bending (Figs. 13 and 14) nevertheless the distribution of von Mises reduced stresses (Figs. 15 and 16 ) and bending (normal) stresses (Figs. 17 and 18 ) are disrupted in sections where there are voids. One can observed that the larger the size of the void influence on the greater stress concentration.
Changes introducing in the sample structure effect on the decreasing of maximum value of displacement and stresses in two layers model and also in one layer model. In one layer model it can be observed that displacement equals 0.115 mm for initial configuration of the voids has decreased to 0.098 mm for the next configuration of the voids. The same trends were seen for two layers models. In that case displacement equals 0.011 mm for initial configuration of the voids has decreased to 0.0091 mm for the next configuration.
When the reduced von Mises stresses are taken into account it can be noticed decreasing initial maximum value (for initial configuration) from 166 MPa to 109 MPa for next configuration in one layer model. These same relationships exist for two layers models. Here, stresses has decreased from 21 MPa to 16,7 MPa.
Bending stresses also changed and decreasing when the voids configuration is shaped in the right way. We can also observed significant reduction the value of displacement and stresses when we move from a single layer structure to the two. It coming from, not only increasing the cross-section of the beam but mainly, from the changing in internal structure of a sample. Along with the reduction of empty space an improvement of the results. The introduction of too much free space resulted in a significant deterioration of the results. In some cases, they proved to be critical. Each model inhomogeneous was not better than the homogeneous model. In some cases, the obtained results were worse than the base case model. A similar phenomenon was observed when comparing the results between the models produced by changing the thickness of the walls, and where changes underwent cell dimensions base. It is impossible to say with certainty that some changes have a better impact on the obtained results, and other worse.
In further studies we propose to performed sensitivity analysis to indicate which factors (dimensions) are the most important.
Conclusions
It was observed that with decreasing free space in the model, and hence mass, the strength increases. At the same time stiffness of the sample increases too. Sometimes this phenomenon is good, but not in every case. The advantage of honeycomb structures is a high strength relative to a relatively low weight. When the cell walls are too thick or structure consist of densely cells it begin to lose the most important advantages of this construction. Despite receiving better strength results, they do not have to be the preferred models.
It can be seen that a very interesting solution is to materials, structures, which in their structure have free spaces contain air, other gas or liquid. They observed in these relatively good mechanical properties to the proportionally low weight. Such solutions can be found in nature. In the case of the honeycomb structure, it is homogeneous. When dealing with human bone, its structure is heterogeneous. The internal structure of the bone is adapted to carry the loads that occur in normal functioning of a human. Bone tissues, both trabecular and cortical tissues, are very good examples of the structures of heterogeneous, highly transferring asked load.
